A flexible method for the diastereoselective total synthesis of the pyrrolizidine alkaloids Uniflorine A, casuarine, australine, and 3-epi-australine and the unnatural epimer 3,7-di-epi-australine from a common chiral 2,5-dihydropyrrole precursor is described.
Introduction
Uniflorine A (1, 6-epi-casuarine), 1-3 casuarine (2), 4 australine (3), 5 and 3-epi-australine (4) 6 are members of the expanding group of polyhydroxylated 3-hydroxymethylpyrrolizidine natural products (Figure 1) . 7 This group also includes alexine 8 (7a-epi-australine), several other epi-australines (1-epi-australine, 3-epi-australine, 2,3-di-epi-australine and 2,3,7-tri-epiaustraline), 9 1-epi-australine-2-O-β-glucoside, 3-epi-casuarine, 10 casuarine-6-O-R-glucoside, 11 and the more recently isolated hyacinthacine alkaloids of which 19 novel compounds have been identified. 12 This group, along with the polyhydroxylated pyrrolidine, piperidine, indolizidine, and nortropane alkaloids, have glycosidase inhibitory activities and thus have potential utility as antiviral, anticancer, antidiabetic, and antiobesity drugs. 7 Three structurally related synthetic compounds have been marketed as antidiabetic drugs to treat type-2 diabetes based on their potent R-glucosidase inhibitory activities while others have been identified as candidates for therapeutics to treat type-1 Gaucher disease. 7 A comparative study of the inhibitory activities of alexine, australine, casuarine, and their aforementioned epimers and O-R-and O-β-glucoside derivatives against a panel of glycosidase enzymes revealed that casuarine and 1-epi-australine-2-O-β-glucoside were the most potent compounds. 9 These alkaloids showed low micromolar activities against several R-glucosidases while casuarine had an IC 50 value of 0.7 μM against amylglucosidase from Aspergillus niger. In a separate study, uniflorine A (1) was shown to have moderate inhibitory activity against the R-glucosidases, rat intestinal maltase and sucrase, with IC 50 values of 12 and 3.1 μM, respectively. 1 These potentially useful biological activities along with the stereochemical richness of these alkaloids (uniflorine A and casuarine have six contiguous stereogenic carbons) have made these compounds attractive and important synthetic targets. [13] [14] [15] We recently reported the revised structures of uniflorines A and B from initially proposed pentahydroxyindolizidines 1 to 1,2,6,7-tetrahydroxy-3-hydroxymethylpyrrolizidines from a reinvestigation of their originally published NMR spectroscopic data. 2 Uniflorine B was the known alkaloid casuarine (2), while uniflorine A was tentatively assigned as 6-epi-casuarine (1); this was confirmed in a preliminary communication by the total synthesis of its enantiomer, (þ)-uniflorine A (ent-1), from D-xylose. 3 In this paper, we report the full details of the synthesis of natural (-)uniflorine A (1) from the chiral 2-substituted-2,5-dihydropyrrole 8 (Scheme 1), which is readily prepared in four synthetic steps from L-xylose. We also demonstrate here that compound 8 is a versatile precursor for the diastereoselective synthesis of the alkaloids casuarine (2), australine (3), and 3-epi-australine (4) and the unnatural epimer, 3,7-epi-australine 36.
Results and Discussion
Total Synthesis of (-)-Uniflorine A (1). The synthesis of (-)-uniflorine A (1) is shown in Schemes 1 and 2. The known tetrol 5 16 was prepared in one step from the boronic acid-Mannich reaction (Petasis reaction) 16,17 of L-xylose, allylamine, and (E)-styrene boronic acid and then converted to its N-Boc derivative 6 16 (Scheme 1). The terminal diol functionality of 6 was selectively protected as the acetonide derivative 7 under standard conditions. The modest yield (64%) for this step was a result of the poor regioselectivity of this reaction. The other regioisomer was recycled back to 6 by hydrolysis with TFA (0.5 equiv) in MeOH/water (3:1, 10 mL/mmol) at rt for 36 h and the crude product was reprotected to give 7 in 49% overall yield. A ring-closing metathesis reaction of the diene 7 with use of Grubbs' first generation ruthenium catalyst provided the 2,5-dihydropyrrole 8 in 97% yield (Scheme 1). This intermediate can be readily prepared on a 4 g scale from L-xylose in 4 steps and in 46% overall yield.
The 2,5-dihydropyrrole 8 underwent an osmium(VIII)catalyzed syn-dihydroxylation (DH) reaction to furnish the tetrol 9 as a single diastereomer in 72% yield (Scheme 2). The stereochemical outcome of this DH reaction was expected due to the stereodirecting effect of the C-2 pyrrolidine substituent in 8. 2, 16, 18, 19 The configuration of this diol was established from ROESY NMR studies on the final product 1. The tetrol 9 was readily converted to its per-O-benzyl-protected derivative 10 in 96% yield, using standard reaction conditions. 16 Treatment of 10 under acidic conditions (HCl/MeOH) JOCArticle resulted in N-Boc and acetonide hydrolysis and gave the amino diol 11 in 81% yield. Regioselective O-silylation of 11 with TBSCl/imidazole/DMAP gave the primary silyl ether 12 in 85% yield. In our earlier synthesis of (þ)-uniflorine A, the compound ent-12 underwent cyclization under Mitsunobu reaction conditions with pyridine 2,20,21 as the solvent to give a mixture (ca. 4:1) of the desired pyrrolizidine ent-13 and an indolizidine product (structure not shown) in a combined yield of about 30% after purification of the crude reaction mixture by column chromatography. The undesired indolizidine product arose from first base catalyzed O-TBS migration to the secondary hydroxyl group in ent-12 followed by Mitsunobu cyclization onto the primary carbon of the butyl side chain. We have now found, using 12, that the yield of 13 could be dramatically improved to 76% with little or no formation of the undesired product by buffering the reaction mixture with Et 3 N 3 HCl. 22 Acid hydrolysis of 13 gave the primary alcohol 14 in 90% yield, which upon hydrogenolysis with PdCl 2 /H 2 2,20,23
, in 87% yield after ion-exchange chromatography in a total of 11 synthetic steps and 13% overall yield from L-xylose.
The 1 H NMR spectral data (D 2 O) of 1 and those of the natural product were essentially identical (Δδ H = 0.00-0.02 ppm, see Table 1 of the Supporting Information).
The 13 C NMR signals of 1 (in D 2 O with MeCN as an internal reference at δ 1.47), however, were all consistently 2.1-2.2 ppm upfield of those reported for the natural product (Supporting Information). We 2 noted earlier that while the 1 H NMR spectroscopic data reported for uniflorine B and casuarine were also essentially identical, the 13 C NMR shifts reported for casuarine were all consistently 3.0-3.2 ppm upfield of the corresponding 13 C NMR resonances reported for uniflorine B. 1 We suggested that alternative referencing between the two samples accounts for this consistent discrepancy. 2 The 13 C NMR spectrum of casuarine was referenced to acetone at δ 29.80 while that of uniflorines A and B was apparently referenced to TMS as an internal standard (a standard not known for its water (D 2 O) solubility). 1 Thus the consistent differences in the 13 C NMR chemical shifts between synthetic 1 and those of uniflorine A can also be ascribed to the differences in referencing between the different samples. 24 The observed cross-peaks in the ROESY spectrum of 1 were fully consistent with the configurational assignment of 1 as shown in Figure 2 . Thus our synthesis of 1 provides unequivocal proof that uniflorine A is 6-epi-casuarine. Uniflorine A and 3-epi-casuarine therefore represent the two known natural product epimers of casuarine. 4, 10 Total Synthesis of Casuarine (2). The synthesis of casuarine (2) from the chiral 2,5-dihydropyrrole 8 is shown in Scheme 3. This synthesis required a modified strategy to that for uniflorine A to secure the 6R,7β-configuration of the target molecule. To achieve this goal the synthetic plan involved a regioselective ring-opening reaction of the epoxide 21 with an oxygen nucleophile (Scheme 3). To obtain the key epoxide 21, the two unprotected secondary hydroxyl groups in 8 were first protected as their O-benzyl ethers and the resulting dibenzyl ether 15 (92% yield) was treated under acidic conditions to effect hydrolysis of both the acetonide and N-Boc protecting groups and to provide amino diol 16 in 76% yield. Regioselective O-silylation of 16 at the primary hydroxyl group gave the TBS ether 17 (81% yield), which was efficiently N-protected as its Fmoc derivative 18 in 94% yield. Epoxidation of the alkene moiety of 18 with 1,1,1-trifluoroacetone and oxone 25 provided the epoxide 19 in 81% yield as a single diastereomer. Mesylation of the free secondary hydroxyl of 19 followed by treatment of the mesylate 20 (94% yield) with piperidine resulted in smooth N-Fmoc deprotection and then cyclization of the free cyclic secondary amine to give in 96% yield a 91:9 mixture of the desired pyrrolizidine 21 and the undesired indolizidine 22, respectively. We assume that 22 arose from O-TBS migration under the basic conditions of the O-mesylation reaction; however, this was difficult to ascertain since NMR analysis of the mesylate intermediate 20 was made difficult because of N-Fmoc rotamers. A small amount of pure 21 could be obtained by further separation of the mixture by column chromatography. Compound 22 could not be obtained pure but was fully characterized as its derivative 26a (Supporting Information). The structure of the epoxide 21 was confirmed by a single-crystal X-ray analysis (Supporting Information). 26 Several attempts in our laboratory to ring-open the epoxide group of compounds related to 21 using aqueous acid conditions (for example, H 2 SO 4 , water) led to complex mixtures and low yields of diol products. However, when 21 was treated under the conditions reported by Saracoglu, 27 using NaHSO 4 as both the acid catalyst and the nucleophilic species in dichloromethane at reflux, followed by the addition of water to hydrolyze the intermediate sulfate, then the desired diol 23 was obtained as an 86:14 crude mixture of regioisomers. Purification of this mixture by column chromatography gave a 92:8 mixture of the diastereomeric diols 23 and 6,7-di-epi-23, respectively, in 51% yield. The regiochemistry of this ring-opening reaction was consistent with that reported on related epoxy-pyrrolizidines 28 Table 2 of the Supporting Information). The 13 C NMR signals of 2 in D 2 O, however, were all consistently 1.0-1.3 ppm downfield of those reported for the natural product (see Table 2 of the Supporting Information). Consistent differences in the 13 C NMR chemical shifts of the related alkaloid australine 3 have also been reported (see Table 3 
of the Supporting Information and the Supporting Information in ref 14g).
Total Synthesis of Australine (3). The epoxide 21 also provided ready access to australine (3) as shown in Scheme 5. Reductive ring-opening of a 91:9 mixture of the epoxides 21 and 22 respectively with lithium aluminum hydride at 0°C gave a mixture of the pyrrolizidines 24 and 25 (27% yield, 24:25 = 88:12), a mixture of the pyrrolizidines 26 and 27 (64% yield, 26:27 = 92:8), and the indolizidine corresponding to the ringopening of 22 (2% yield, structure 26a in the Supporting Information).
The regioisomeric mixture of 24 and 25 could be converted to a mixture of 26 and 27 by treatment with TBSCl in 61% yield. Fortunately, the regioisomers 26 and 27 could be readily separated as their C-7R and C-6R 4-nitrobenzoate esters, respectively, which were obtained from their Mitsunobu reactions with 4-nitrobenzoic acid. 29 In this way the 92:8 regioisomeric mixture of 26 and 27 was converted to a mixture of the C-7 and C-6 inverted 4-nitrobenzoate esters, respectively, from which the major regioisomer 28 was isolated pure after separation by column chromatography. Base hydrolysis of 28 gave the diastereomerically pure alcohol 29 in 57% overall yield for the two synthetic steps. JOCArticle spectroscopic data (D 2 O) of 3 and that of the natural product 30,31 were essentially identical (Δδ H = 0.06-0.10 ppm, see Table 3 of the Supporting Information). The 13 C NMR signals of 3 in D 2 O, however, were all consistently 2.0-2.3 ppm upfield of those reported for the natural product 9,30 (see Table 3 of the Supporting Information). Our 13 C NMR signals, however, matched more closely with those reported for synthetic australine by Pearson (Δδ C = 0.1-0.4 ppm) 14d and Denmark (Δδ C = 0.8-1.3 ppm). 14c Our 13 C NMR assignments, based on 2D NMR experiments (COSY, HSQC, and HMBC), also agreed with those made by Denmark and differ from those reported on the natural product (see Table 3 of the Supporting Information). Total Synthesis of 3-epi-Australine (4) and 3,7-Di-epi-australine (36). The syntheses of naturally occurring 3-epiaustraline (4) and the unnatural analogue 3,7-d-iepi-australine (36) from the epoxide 19 are shown in Scheme 6. These syntheses required an inversion of configuration of the butyl side-chain secondary hydroxyl group in 19. This was achieved by the Mitsunobu reaction of 19 with 4-nitrobenzoic acid. 29 Base treatment (K 2 CO 3 /MeOH, rt, 1 d) of the resulting secondary 4-nitrobenzoate ester resulted in benzoate hydrolysis and N-Fmoc cleavage giving the amino alcohol 30 in 55% overall yield for the two synthetic steps. This compound underwent cyclization under Mitsunobu reaction conditions with toluene as the solvent to give a separable mixture of the desired pyrrolizidine 31 in 70% yield and the indolizidine product 32 in 4% yield. Reductive ring-opening of the epoxide 31 with lithium aluminum hydride at rt gave a separable mixture of the regioisomeric pyrrolizidines 33 and 34, in yields of 41% and 9%, respectively. In contrast to the reductive ring-opening reaction of 21, the more hindered TBS group in these products remained intact. In the final steps of the synthesis, the configuration at C-7 in 33 was inverted by the two-step sequence described above for the synthesis of australine. Thus treatment of 33 under the Mitsunobu reaction conditions with 4-nitrobenzoic acid followed by base treatment of the resulting 4-nitrobenzoate gave the C-7 inverted alcohol 35 in 64% overall yield. This compound underwent hydrogenolysis under acidic conditions with PdCl 2 /H 2 to deliver diastereomerically pure 3-epiaustraline (4) ([R] D 23 -10.5 (c 0.7, H 2 O)) in 88% yield after ion-exchange chromatography in a total of 16 synthetic steps and 1.7% overall yield from L-xylose. Its hydrochloride salt, 4 3 HCl, had [R] Table 4 of the Supporting Information). The 13 C NMR signals of 4 in D 2 O, however, were all consistently 0.4-0.9 ppm downfield of those reported for the natural product (see Table 4 of the Supporting Information).
For the synthesis of 3,7-di-epi-australine (36), the direct hydrogenolysis of 33 under acidic conditions gave diastereomerically pure 3,7-di-epi-australine (36) ([R] D 24 -9.3 (c 1.1, H 2 O)) in 90% yield after ion-exchange chromatography in a total of 14 synthetic steps and 2.6% overall yield from L-xylose. Its hydrochloride salt, 36 3 HCl, had [R] D 21 -21 (c 0.63, H 2 O), which was of opposite sign to that of its synthetic enantiomer, 1,2-di-epi-alexine 3 HCl {lit. 32 [R] D 20 þ33 (c 0.1, H 2 O)}. The 1 H NMR spectroscopic data (D 2 O) of 36 3 HCl and those reported in the literature for 1,2-di-epi-alexine 3 HCl were essentially identical (Δδ H = 0.03-0.04 ppm, see Table 5 of the Supporting Information). The 13 C NMR signals of 36 3 HCl in D 2 O, however, were all consistently 1.7-2.1 ppm upfield of those reported for its enantiomer (see Table 5 of the Supporting Information).
Conclusions
In conclusion, we have developed a flexible method to prepare the pyrrolizidine alkaloids uniflorine A, casuarine, australine, and 3-epi-australine and the unnatural epimer 3,7-di-epi-australine from the common chiral 2,5-dihydropyrrole precursor 8, which is available in gram quantities in four synthetic steps from L-xylose. 33 The synthesis of 1 confirmed our earlier configurational assignment to this natural product. 3 The synthesis of the latter four target compounds involved regioselective epoxide ring-opening reactions which proceeded with diastereoselectivities ranging from 91:9 (Scheme 5) to 82:18 (Scheme 6) in favor of the desired regioisomeric products. In contrast to our earlier work 3,20 efficient methods for the cyclization of 2-substituted pyrrolidines to pyrrolizidines have been developed by using the Mitsunobu reaction with either Et 3 N 3 HCl as an additive (Scheme 2) or by using toluene as the solvent (Scheme 6). Alternatively, the cyclization of an Fmoc-protected pyrrolidine having a tethered O-mesylate to the corresponding pyrrolizidine worked efficiently upon exposure to base (Scheme 3). This methodology should prove versatile for the synthesis of other, more complex pyrrolizidine alkaloids and stereodefined epimeric derivatives for future structureactivity relationship studies. 34 Experimental Section 35 (1R,2R,3R,6R,7S,7aR)-1,2,6,7-Tetrabenzyloxy-3-((tert-butyldimethylsilyloxy)methyl)hexahydro-1H-pyrrolizine, 13. To a solution of 12 (0.792 g, 1.136 mmol) in pyridine (11 mL) was added triphenylphosphine (0.301 g, 1.148 mmol), triethylamine 3 hydrochloride (0.156 g, 1.136 mmol), and diisopropyl azodicarboxylate (0.56 mL, 2.841 mmol). The mixture was stirred at rt for 3 days. The volatiles were removed in vacuo then satd CuSO 4 solution (20 mL) was added. The reaction mixture was extracted with CH 2 Cl 2 (3 Â 25 mL). The combined CH 2 Cl 2 extracts were washed with satd CuSO 4 solution (20 mL) and water (20 mL), dried (Na 2 CO 3 ), filtered, and then evaporated. Flash column chromatography (FCC) (100% petrol to 20:80 EtOAc/petrol) gave 13 as a yellow viscous oil (0.587 g, 76%). [ (1R,2R,3R,6R,7S,7aR)-Hexahydro-3-(hydroxymethyl)-1Hpyrrolizine-1,2,6,7-tetraol (Uniflorine A, 1). To a solution of 14 (0.636 g, 1.126 mmol) in MeOH (12 mL) was added PdCl 2 (0.300 g, 1.690 mmol). The mixture was stirred at rt under an atmosphere of H 2 (balloon) for 1 day. The mixture was filtered through a Celite pad and the solids were washed with MeOH. The combined filtrates were evaporated in vacuo and the residue was dissolved in water (3 mL) and applied to a column of Amberlyst (OH -) A-26 resin (7 cm). Elution with water followed by evaporation in vacuo gave uniflorine A (1) (0.201 g, 87%) as a white solid, mp 163.2-164.8°C (lit. 1 mp 174-178°C). . This compound had the same R f , MS, IR, and NMR spectroscopic data as reported for (þ)-1. 1 (R)-(9H-Fluoren-9-yl)methyl 2-((1R,2R,3S)-1,2-Bis(benzyloxy)-4-(tert-butyldimethylsilyloxy)-3-hydroxybutyl)-2,5-dihydro-1Hpyrrole-1-carboxylate, 18. To a solution of 17 (6.05 g, 0.013 mol) in THF (125 mL) and satd Na 2 CO 3 solution (60 mL) was added 9-fluorenylmethyl chloroformate (3.89 g, 15.03 mmol) at 0°C. The reaction mixture was stirred at 0°C for 3 h. Water (20 mL) was added and the solvent was removed under reduced pressure and the residue was extracted with CH 2 Cl 2 (3 Â 70 mL). The combined extracts were washed with brine, dried (Na 2 CO 3 ), and then evaporated to leave a residue that was chromatographed on silica gel by FCC (10:90 to 30:70 EtOAc/petrol) to (1R,2R,3R,6S,7S)-3-(Hydroxymethyl)hexahydro-1H-pyrrolizine-1,2,6,7-tetraol (Casuarine, 2). To a solution of 92% diastereomerically pure 23 (21.0 mg, 0.055 mmol) in MeOH (2 mL) was added PdCl 2 (10.0 mg, 0.055 mmol). The mixture was stirred at rt under an atmosphere of H 2 (balloon) for 1.5 h. The mixture was filtered through a Celite pad and the solids were washed with MeOH. The combined filtrates were evaporated in vacuo and the residue was dissolved in water (1 mL) and applied to a column of Amberlyst (OH -) A-26 resin (3 cm). Elution with water followed by evaporation in vacuo gave casuarine (2) (dr = 95:5) as a brown foamy solid (10.4 mg, 93%). [ (1R,2R,3R,7S,7aR)-3-Hydroxymethylhexahydro-1H-pyrrolizine-1,2,7-triol (Australine, 3). To a solution of 29 (74.6 mg, 0.155 mmol) in MeOH (3 mL) was added PdCl 2 (41.1 mg, 0.232 mmol). The mixture was stirred at rt under an atmosphere of H 2 (balloon) for 3 h, follow by the dropwise addition of concd HCl (10 drops) and stirring was continued at rt for 21 h. The mixture was filtered through a Celite pad and the solids were washed with MeOH. The combined filtrates were evaporated in vacuo and the residue was dissolved in water (2 mL) and applied to a column of Amberlyst (OH -) A-26 resin (4 cm). Elution with water followed by evaporation in vacuo gave australine 3 as a yellow oil (25.1 mg, 86%). [ To a solution of 19 (0.095 g, 0.131 mmol) in toluene (2 mL) was added triphenylphosphine (0.086 g, 0.328 mmol) and p-nitrobenzoic acid (0.055 g, 0.328 mmol). The mixture was cooled to 0°C and diisopropyl azodicarboxylate (64.5 μL, 0.28 mmol) was added. The mixture was stirred at rt for 5 h. The volatiles were removed in vacuo then satd CuSO 4 solution (20 mL) was added. The reaction mixture was extracted with CH 2 Cl 2 (3 Â 10 mL). The combined extracts were washed with water (5 mL), dried (Na 2 CO 3 ), filtered
